Evidence that depressive symptoms are inversely related to n-3 (v3) fatty acids is growing among United States adults.
Introduction
The role of the omega-3 (n-3) fatty acids as structural membrane lipids in nerve tissue and the retina and as precursors to eicosanoids is well established. Importantly, there is evidence for a relation between n-3 fatty acids and depressive symptoms (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . For instance, in ecological studies there is a strong inverse correlation between the prevalence of depression and fish consumption across populations (16) . Additionally, both observational and experimental research findings at the individual level, and consistently across study designs, study groups, and contextual settings, suggest that lower intake of n-3 fatty acids (reflected in self-reported intakes and/or in plasma or erythrocyte concentrations) was associated with higher risk of depression or elevated depressive symptoms (EDS) 9 . For instance, out of 5 cross-sectional studies that were cited in 1 review article (17) , 3 found increased depression was reported among ''less frequent'' compared with ''frequent'' fish consumers, after adjustment for potential confounders (6, 10, 18) . Meta-analyses of randomized controlled trials that controlled for inclusion of participants with severe depressive symptoms and/or n-3 fatty acid composition of the interventions have reported substantial clinical efficacy for reducing depressive symptoms (19, 20) .
It is commonly suggested that the prevalence of depression has reached epidemic proportions in recent decades. Whereas external factors may contribute to this increase in prevalence, such as changes in attribution, definition, destigmatization, and help seeking behaviors, Klerman and Weissman (21) ruled out many of those artifactual influences and concluded the presence of a genuine secular increasing trend. For a true increase in any disorder to occur, the risk factors may be genetic or socioenvironmental in nature. Among the latter, the influence of dietary factors and their over-time patterns of change, particularly n-3 fatty acid intake, has gained attention over the past decade.
Generally, n-3 fatty acids are long-chain PUFAs from both plant and marine origins (22) . The n-3 fatty acids derived from marine sources consist primarily of EPA (20:5n-3) and DHA (22:6n-3) . In contrast, plant-derived n-3 fatty acids (from flaxseed, walnuts, and canola oil) are contributors of a-linolenic acid (ALA; 18:3n-3), the essential n-3 fatty acid that can be converted to EPA and DHA endogenously. The metabolic pathways involved are relatively inefficient among humans (10-15% being converted) (23) , and ALA conversion is impaired by excess linoleic acid (LA; 18:2n-6), an n-6 fatty acid (24) .
During the last century, per capita consumption of soybean oil, rich in LA, increased 1000-fold (25) . This increased the availability of LA from 2.8% to 7.2% of energy, whereas the availability of ALA increased only from 0.39% to 0.72% of energy and was accompanied by declines in n-3 HUFA intakes. The predicted net effects included declines in tissue n-3 HUFA status from 36.8% to 22.9%, primarily due to greater intakes of LA over the century. This is in sharp contrast to the diets in regions of hominid evolution, which were higher in n-3 HUFAs (2.26-17.0 g/d) and lower in LA (range: 2.3-3.6% of energy) (26) .
This imbalance is reflected in the concentration of several plasma and erythrocyte biomarkers (27, 28) . Recent research suggests that the imbalance between those 2 classes of fatty acids, specifically deficient intakes of EPA and DHA and high concentrations of the highly unsaturated n-6 fatty acid arachidonic acid (AA; 20:4n-6) in tissues, may contribute to the rising burden of many chronic conditions, including cardiovascular disease and certain types of cancer (29) , in addition to cognitive decline (30, 31) . Thus, studying this imbalance may be equally important to studying absolute concentrations of dietary n-3 fatty acids when examining depressive symptoms as the outcome, and domains of depressive symptoms should also be targeted separately. Indeed, many of the previous studies had focused on fish consumption and absolute intakes of n-3 fatty acids in relation to total depressive symptom scores without incorporating balance with n-6 fatty acids or domains of depressive symptoms into the analysis [e.g., (2, 4, 7, 9, 11, 12, 32) ]
The aim of the present study was to assess whether selfreported depressive symptoms (and related domains), measured by the Center for Epidemiologic Studies-Depression Scale (CES-D) in a sample of 1746 adults residing in Baltimore City, MD, were associated with intakes of n-3 fatty acids (measured with two 24-h recalls), both in absolute terms and relative to n-6 fatty acids.
Participants and Methods
Database and study population The Healthy Aging in Neighborhoods of Diversity across the Life Span (HANDLS) study, initiated in 2004, is an ongoing prospective cohort study that recruited a representative sample of African Americans and whites (30-64 y old) at baseline who were living in Baltimore, Maryland (33) . To this end, an area probability sampling design of 13 neighborhoods (defined as groups of contiguous census tracts) was used. Phase 1 of this study consisted of screening, recruitment, and household interviews, whereas phase 2 included examinations in mobile medical research vehicles. All participants provided written informed consent after they were provided with a protocol booklet in laymanÕs terms and a video explaining all procedures performed in the study, including future recontacts. All materials were approved by the MedStar Institutional Review Board. Our study used cross-sectional data from the baseline HANDLS cohort.
Of 3720 participants in phase 1 (sample 1), 2178 (58.5%) completed their baseline phase 2 examination and had complete dietary data (sample 2). Similarly, 2178 participants had complete data on CES-D scores (sample 3). Our data are restricted to the subset of participants with 2 d of dietary recall and CES-D data (n = 1746; sample 4). The group of participants selected into sample 4 compared with the remaining HANDLS participants in sample 1 (weighted analysis) had a higher percentage of African American (i.e., 67.7% vs. 55.9%), although no substantial differences were found in age, sex, or income level distributions.
Outcome assessment: depressive symptoms Baseline symptoms of depression were measured by using the CES-D, a 20-item self-report symptom rating scale that assesses affective and depressed mood (34) . A score $16 on the CES-D indicated EDS, as was done in many studies [e.g., (35) ], given that being at this cutoff or higher is highly predictive of clinical depression on the basis of Diagnostic and Statistical Manual of Mental Disorders, 4th edition, criteria (36) . Four previously identified subscales of the CES-D shown to have an invariant factor structure between the NHANES I and pilot HANDLS data (37) were studied in separate analyses as continuous variables. These subscales were as follows: 1) somatic complaints, 2) depressive affect, 3) positive affect, and 4) interpersonal problems (37).
Exposure assessment: dietary n-3 fatty acid absolute and relative exposures With the use of the USDAÕs Automated Multiple Pass Method (AMPM), trained interviewers administered two 24-h dietary recalls. AMPM is a standardized 5-step process that was validated for protein, carbohydrate, fat, and energy intakes in both obese and nonobese individuals (38) (39) (40) . Additional studies provided evidence that the AMPM accurately measures group energy intake in smaller samples (41, 42) .
Food consumed was coded by using USDA Food and Nutrient Database for Dietary Studies, version 3 (43) , to estimate nutrient intakes. In this study, the mean of the two 24-h recalls was considered after food equivalents and nutrient intakes were summed for each individual per recall day.
Total n-3 PUFAs [$18 carbons; i.e., n-3 PUFAs = ALA+DHA+EPA +docosapentaenoic acid (DPA); 22:5n-3] and HUFAs ($20 carbons; HUFAs = DHA+EPA+DPA) were also expressed as percentages of total energy intake and were considered as 2 main nutrient exposures of interest. Together, these were labeled as ''absolute n-3 fatty acid exposure.'' In the main analysis, tertiles of main absolute exposures were constructed to assess dose-response relationships to detect threshold values if applicable, consistent with a previous study using HANDLS (44) . Moreover, another set of analyses was conducted with main exposures of interest being ''relative n-3 fatty acid exposures.'' These were namely the ratio of n-3 HUFAs to n-6 HUFAs (i.e., DHA+EPA +DPA:AA), the ratio of n-3 HUFAs to n-6 PUFAs (i.e., DHA+EPA+DPA: LA+AA), and the ratio of n-3 PUFAs to n-6 PUFAs (i.e., ALA+DHA +EPA+DPA:LA+AA). These ratios rather than the typically used ratio of n-6 to n-3 fatty acids were considered as exposures of interest in our analyses for 2 main reasons: 1) to avoid having a zero value for the denominator because n-3 fatty acids in our study population are more likely to be negligibly consumed compared with n-6 fatty acids, particularly among non-fish eaters across the two 24-h recalls; 2) to allow for interpreting results in the hypothesized direction of a protective effect of n-3 fatty acids against depressive symptoms, as well as a protective effect of a good balanced intake of n-3 and n-6 fatty acids.
The adequacy of intakes for each essential fatty acid was assessed by using the Adequate Intake (AI) reference values (45) . Proposed recommendations based on benefits associated for DHA+EPA as a percentage of energy have been published: the cutoff points for DHA+EPA are 0.15% of energy for postpartum and bipolar depression prevention and 0.35% of energy for major depression prevention (46, 47) .
Covariates
Sociodemographic and lifestyle characteristics. Covariates related to sociodemographic and lifestyle factors included in our analyses were age, sex, race (white vs. African American), marital status (married vs. unmarried), completed years of education [less than high school (HS), HS, and more than HS], poverty-income ratio (PIR <125%), measured BMI (kg/m 2 ), lifetime use of drugs (opiates, marijuana, or cocaine vs. no drug use), and smoking status (0 = ''never or former smoker'' and 1 = ''current smoker'').
Potential dietary confounders. Potential confounding by other nutrients (daily intakes) that were formerly linked with depressive symptoms was adjusted for in multiple regression models. These nutrients, expressed as per 1000 kcal of daily energy intake, included B-vitamins [vitamins B-6 and B-12 (mg/1000 kcal) and folate (mg/1000 kcal)] and several antioxidants, namely intakes of total carotenoids (a-carotene, b-carotene, b-cryptoxanthin, lutein+zeaxanthin, lycopene; mg/1000 kcal), vitamin A (retinol equivalents/1000 kcal), vitamin C (mg/1000 kcal), and a-tocopherol (mg/1000 kcal) (48) (49) (50) (51) (52) (53) (54) (55) (56) (57) (58) (59) (60) (61) (62) (63) . To emulate a multivariate nutrient density model, total energy intake was also included as a potentially confounding variable (64) .
Statistical methods
Stata release 11.0 (StataCorp) survey commands were used, accounting for sampling weights to obtain population estimates of means, proportions, and regression coefficients. Two-sided independent-samples t tests compared means across binary variables, whereas design-based F tests were conducted to examine relationships between categorical variables (65) . First, the HANDLS participantsÕ study sample characteristics were described by sex and CES-D status (high vs. low) by using both independent-samples t tests and design-based F tests. Second, the adequacy of intake for key fatty acids and their combinations was examined and sex differences determined with design-based F tests. Third, Pearson correlation coefficients between pairs of fatty acids and their scatterplot were presented. Fourth, multiple logistic regression models with target outcome being EDS (CES-D $16) were conducted to test the association between n-3 fatty acid exposures and depressive symptoms, controlling for potential confounders. Individuals with missing data on covariates such as marital status, education, smoking, and drug use were accounted for in the analysis by adding a dummy variable for ''missing.'' Effect modification of these associations by sex was tested by adding interaction terms to the multivariate models. Finally, the multiple linear regression models were re-conducted with each CES-D subscale as alternative outcomes to test whether the association of depressive symptoms with n-3 fatty acid exposures was more specific to some symptoms than others. A type I error of 0.05 was used for significance in all analyses, except for interaction terms in multivariate models where a 0.10 concentration was used, given the low power of interaction terms compared with main effects (66) .
Results
The weighted prevalences of a CES-D score $16 (or EDS) were 18.1% among men and 25.6% among women (P < 0.001 based on a design-based F test) ( Table 1) . HANDLS participants with a CES-D score $16 were generally more likely to have a PIR <125% compared with those with a CES-D score <16 for both sexes. Moreover, among women, those with a CES-D score $16 were less likely to be currently married (38% vs. 52%; P = 0.026). The examination of the 5 n-3 fatty acid exposures across depressive symptoms categories revealed an inverse relationship with EDS among women for n-3 PUFAs (% of energy) and n-3 PUFA:n-6 PUFA ratio. Moreover, among women, lower mean intakes of total carotenoids and vitamin B-6 were noted for those with a CES-D score $16 compared with those with a score <16 (P < 0.05). Figure 1 shows that LA and ALA intakes were adequate only in 42.7-59.3% (weighted percentages) of men and women in our sample, with a substantially higher proportion with AI observed for LA among men compared with women (59.3% vs. 48.3%). However, AI for EPA+DHA (% of energy as % kcal) for the prevention of major, postpartum, or bipolar depression (46, 47) ranged between 5.2% (percent > 0.35% kcal among women) and 17.2% (percent > 0.15% kcal among women) with no substantial sex differences.
Examining correlations between the various key fatty acids (Supplemental Fig. 1 ), DHA and EPA were highly correlated in the total diet (r = 0.93, P < 0.01), given their common dietary source of fish, and LA and ALA were similarly tightly linked (r = 0.87, P < 0.01), given that they are both found in various cooking oils. Other highly to moderately correlated pairs of fatty acids included EPA-DPA, DPA-DHA, and DPA-AA (r > 0.50, P < 0.05).
Associations between tertiles of n-3 fatty acid exposures and elevated depressive symptoms are presented in Table 2 . Multiple logistic regression models adjusting for age, sex, race, marital status, education, PIR, smoking, drug use status, and the selected potentially confounding nutrients suggested that, among women, the uppermost tertile (tertile 3) of n-3 PUFAs (compared with tertile 1) was associated with reduced odds of a CES-D score $16 by 49%, with a substantial effect modification by sex. Similarly, the n-3 PUFA:n-6 PUFA ratio exhibited a clear inverse dose-response relationship with elevated depressive symptoms among women (tertile 2 vs. tertile 1, OR: 0.74; 95% CI: 0.41, 1.32; tertile 3 vs. tertile 1, OR: 0.47; 95% CI: 0.27, 0.83). A similar inverse association with a CES-D $16 was found for the n-3 HUFA:n-6 HUFA ratio among women (tertile 2 vs. tertile 1, OR: 0.75; 95% CI: 0.40, 1.40; tertile 3 vs. tertile 1, OR: 0.52; 95% CI: 0.27, 0.99), with a substantial sex difference. The 2 other n-3 HUFA exposures [n-3 HUFAs (% of energy) and n-3 HUFA:n-6 PUFA) were suggestive of an inverse association with a CES-D $16 among women, particularly when comparing tertile 2 with tertile 1, although without a substantial dose-response relationship. Table 3 shows adjusted associations between the 5 n-3 fatty acid exposures and the 4 subscales of the CES-D. Multiple linear regression suggested that n-3 PUFAs (% of energy) were inversely related to somatic complaints, whereas the positive affect subscale of the CES-D was directly related to n-3 HUFAs (% of energy; both sexes and among women), n-3 HUFA:n-6 HUFA (women), and n-3 HUFA:n-6 PUFA (both sexes and among women).
Discussion
This study is one of very few large population surveys and among the first conducted in United States adults to show a substantial association between n-3 fatty acids (absolute and relative to n-6 fatty acids) and self-reported depressive symptoms (and their components). Our findings generally supported our hypothesis that both n-3 HUFA and n-3 PUFA intakes as well as their related ratios are linked to lower amounts of depressive symptoms. The observed association was substantial and stronger only among women and remained substantial after controlling for many of the sociodemographic, lifestyle, and health-related potential confounders, including dietary intakes of specific nutrients. 
Downloaded from
One domain of the CES-D, namely positive affect, was more sensitive to n-3 HUFA exposures than others among women. In contrast, also among women, somatic complaints were mostly linked to n-3 PUFA intakes. It is worth noting that among HANDLS study participants, fish was the major contributor of DHA and EPA (which are highly correlated in the total diet; data not shown) and that DHA+EPA (% of energy) was adequate at the 0.15% cutoff only (46) in 17.2% of women and 13.3% of men.
Our findings are consistent with other studies, including casecontrol (1-5), cross-sectional (6-10,18), and prospective cohort (11) (12) (13) (14) (15) studies, although a number of these studies measured fatty acid concentration in tissues, particularly plasma phospholipids and RBCs. Among studies examining dietary intakes, Tanskanen et al. (10) conducted a cross-sectional populationbased survey in 3204 adults in Finland. Depressive symptoms were measured by using the Beck Depression Inventory, and fish consumption was measured by using an FFQ. After adjustment for confounders, the likelihood of having depressive symptoms was substantially higher among infrequent fish consumers than among frequent consumers and among participants who reported consuming vegetable oils. Among prospective studies, Sanchez-Villegas et al. (12) used an established cohort of 7902 participants to examine the relationship between long-chain n-3 fatty acid intake, fish consumption, and mental disorders. ORs (95% CI) of mental disorders for successive quintiles of energyadjusted n-3 fatty acid intake were as follows: n-3 HUFAs n-3 PUFAs n-3 HUFA:n-6 HUFA n-3 HUFA:n-6 PUFA n-3 PUFA:n-6 PUFA ), and selected nutrients (expressed per 1000 kcal) as well as total energy intake, namely B-vitamins (vitamins B-6 and B-12 and total folate), total carotenoids, and vitamins A, C, and E. Each micronutrient was divided by total energy intake and multiplied by 1000 to obtain per 1000 kcal values. For fatty acids, the percentage of energy value was obtained by multiplying by 900 to account for 9 kcal/g energy density of fat. See Table 1 for means 6 SEMs within each tertile for fatty acid exposures. n-3 HUFAs included DHA + EPA + n-3 docosapentaenoic acid (DPA). n-6 HUFAs included arachidonic acid (AA). n-3 PUFAs included DHA + EPA + n-3 DPA + a-linolenic acid. n-6 PUFAs included AA + linoleic acid. *P , 0.10, **P , 0.05, ***P , 0.01 for null hypothesis that log e (OR) = 0 (Wald test). CES-D, Center for Epidemiologic Studies-Depression Scale; HANDLS, Healthy Aging in Neighborhoods of Diversity across the Life Span; HUFA, highly unsaturated fatty acid; T, tertile. 2 The association between elevated CES-D score and n-3 fatty acid exposure differed by sex on the basis of a separate model with a sex 3 exposure interaction term added in addition to the main effect of sex, P , 0.10. here: greater intake of LA was associated with as much as a 2.34 increased risk of severe depressive symptoms (14) . The results of the Nurses' Health Study, which used food-frequency data, likewise support the hypothesis that higher ALA and lower LA intakes (but not long-chain n-3 from fish) are associated with decreased risk of first episodes of depression over 10 y (15).
In addition, our study found that the putative protective effect of n-3 fatty acids on depressive outcomes was restricted to women. This could either be due to differences in sample sizes between men and women in our study (n = 755 men and n = 991 women) and others with differential overall and exposure-level specific prevalence of EDS or a real difference by which this class of fatty acids may have a sex-specific influence on depressive 
CES-D component 2 n-3 HUFAs n-3 PUFAs n-3 HUFA:n-6 HUFA n-3 HUFA:n-6 PUFA n-3 PUFA:n-6 PUFA ), and selected nutrients (expressed per 1000 kcal) as well as total energy intake, namely B-vitamins (vitamins B-6 and B-12 and total folate), total carotenoids, and vitamins A, C, and E. Each micronutrient was divided by total energy intake and multiplied by 1000 to obtain per 1000 kcal values. For fatty acids, the percentage of energy value was obtained by multiplying by 900 to account for 9 kcal/g energy density of fat. See Table 1 for means 6 SEMs within each tertile for fatty acid exposures. n-3 HUFAs included DHA + EPA + n-3 docosapentaenoic acid (DPA). n-6 HUFAs included arachidonic acid (AA). n-3 PUFAs included DHA + EPA + n-3 DPA + a-linolenic acid. n-6 PUFAs included AA + linoleic acid. *P , 0.10, **P , 0.05, ***P , 0.01 for null hypothesis that log e (OR) = 0 (Wald test). CES-D, Center for Epidemiologic Studies-Depression Scale; HANDLS, Healthy Aging in Neighborhoods of Diversity across the Life Span; HUFA, highly unsaturated fatty acid; T, tertile. jn.nutrition.org symptoms and mental health in general. Using an approach similar to that in a previous study (49) , a power analysis indicated that, in fact, sample sizes were adequate for both men and women in these analyses. Details are provided in the Power Calculation (Supplemental Text 1). Given that the difference in the association between sexes was substantial (based on testing for interaction between sex and fatty acid exposures), the alternative hypothesis of a possible sex-specific biological influence may be plausible. In general, earlier observational studies did not specifically examine effect modification by sex in the relationship between n-3 fatty acids and depression or other mood-related outcomes, whereas some restricted their sample to 1 sex, usually women. Thus, we were not able to compare our findings of sex differential in this association with previous studies, particularly those with a cross-sectional design.
Several mechanisms have been proposed to explain the association between n-3 fatty acid status and depression, and these have been discussed in detail elsewhere (17, 67) . Briefly, one of the main pathways involves the serotonergic neurotransmitter system (3, 68) , which was shown to be regulated by n-3 fatty acids in both human (16) and animal studies (69) . Another pathway, the ''macrophage theory of depression,'' relates to the activation of an inflammatory response to clinical depression by overproduction of cytokines and eicosanoids (70) (71) (72) (73) . Whereas n-6 fatty acids are known to promote the formation of proinflammatory eicosanoids such as prostaglandin E2 (3), n-3 fatty acids from fish oil were shown to have the opposite effect (74) . In fact, proinflammatory eicosanoids were shown to regulate the actions of cytokines and a-interferon (29) , which, in turn, if administered to humans were shown to cause psychiatric disturbances and symptoms emulating major depression (75, 76) . Finally, a third mechanism termed ''cAMP signal transduction hypothesis'' involves impaired phospholipid metabolism and impaired fatty acid-related signal transduction in the etiology of both depression and bipolar disorder and attempts to link depression to cardiovascular and autoimmune disease through these metabolic impairments (77) .
Our study has notable strengths. First, to our knowledge, it is the only large observational study to assess an n-3 fatty aciddepression association among the young and middle-aged white and African American United States population using the CES-D to assess amount of depressive symptoms. Second, our study examined complex arrays of associations between various exposures including total n-3 PUFAs and n-3 HUFAs as well as n-3:n-6 ratios of interest, while examining moderating effects of sex. Third, it is among few large United States studies that included two 24-h dietary recalls, reducing measurement error and enabling dietary variables to reflect usual intake to a greater extent than a single recall. Finally, our analysis accounted for unequal probability of sampling by incorporating sampling weights and obtaining estimates of means, proportions, and regression coefficients that were representative of Baltimore City.
However, our study has several limitations. First, its crosssectional design did not allow us to ascertain temporality, although several cohort studies have shown that fish consumption (or n-3 HUFA intake) predicted incident depression (11) (12) (13) 32) . It is thus important to conduct more longitudinal studies in a United States community to verify temporality of associations. Second, measurement errors in dietary exposures are not totally avoided by having multiple 24-h recalls. Additionally, even though 24-h recalls were originally not intended to measure usual or habitual intakes, some earlier studies have shown that even a single 24-h recall is able to classify participants to almost the same extent within this distribution as other methods that were intended to measure habitual intake, including the FFQ, which has a time frame of 1 y (78). Another more recent study compared the 24-h recall with the FFQ and concluded that the Block and Diet History Questionnaire FFQs underestimate total energy and nutrient intakes compared with the AMPM (41) . In addition, only two 24-h recalls from the AMPM were needed to capture the long-term intake as evidenced by a third study (79) . Thus, in our study, the mean of two 24-h recalls from the AMPM may be estimating long-term intake as well. Finally, data on supplemental intakes of n-3 fatty acids in the form of fish oil tablets were not available at the time of the survey, although this form of intake is still less popular than multivitamins and other forms of supplements. Ideally, a biomarker measure of n-3 fatty acids (e.g., adipose tissue, RBCs, or serum) is currently the gold standard because it takes into account all sources of n-3 fatty acids and provides an unbiased measure of exposure.
In summary, the relationship between n-3 fatty acids and depression has been examined in a limited number of observational and experimental studies. Additional prospective observational studies are needed to strengthen evidence of a causal association in the hypothesized direction. This should possibly include supplemental n-3 fatty acid intakes in addition to their main dietary source as well as a biomarker for intake of n-3 fatty acids, while considering the balance of n-3 to n-6 fatty acids. Our study findings support the hypothesis of a protective effect of n-3 fatty acids, both HUFAs and PUFAs, against depressive symptoms, particularly among women. Whereas reverse causality cannot be ruled out, it is more likely that reduced concentrations of n-3 fatty acids may contribute to symptoms of depression, and not vice-versa. Thus, these findings support the need for Dietary Reference Intake recommendations in the US, particularly for DHA and EPA (i.e., n-3 HUFAs), given their strong impact on depressive symptoms, particularly the domain of positive affect.
